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PRESSURE RELIEFK VALVE DEVICES AND
METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119(c)
to U.S. Provisional Patent Application Ser. No. 61/809,854,

entitled PRESSURE RELIEF VALVE DEVICES AND
METHODS, filed Apr. 8, 2013, the content of which 1s

incorporated by reference herein 1n 1ts entirety for all pur-
poses.

FIELD

This disclosure relates generally to pressure relief valve
(“PRV”") assemblies and devices in which such PRVs are
used. More specifically, but not exclusively, the present
disclosure relates to pressure relief valves for use 1n devices
for protecting against overpressure conditions, such as in
underwater environments or environments where devices
such as batteries outgas, as well as 1n other applications that
require venting.

BACKGROUND

Pressure relief valve devices have been implemented in
various pressure housings, such as, for example, devices
used 1n underwater environments, devices that include
rechargeable batteries, and other applications that require
venting. Examples include underwater lights for deep ocean
or other high pressure use, corresponding underwater cam-
eras, underwater power supplies, as well as test instruments
or other devices. In such cases, excess internal pressure may
build inside of the housing, thereby making the device
unsafe for handling (e.g.—spontaneous rupture).

For example, in a pressure housing containing lights,
cameras, mstrumentation, or other equipment used 1n deep
ocean environments, pressure may build up within the
device at depth, and when the device 1s returned to the
surface the internal pressure can cause explosion i1f not
properly released. Likewise, in battery-powered devices,
outgassing irom internal batteries can cause pressure build
up that can result in explosive release. Consequently, it 1s
imperative to release this internal pressure i1n a safe, con-
trolled manner. Current pressure relief valve devices can
sufler from leaks due to improper sealing for high pressure
environments, the body of the pressure relief valve may be
too large for a desired application, or the valve may have
other disadvantages 1n size, weight, cost, or performance.

Accordingly, there 1s a need in the art to address the
above-described as well as other problems with improved
pressure relief valves for various applications.

SUMMARY

This disclosure relates generally to pressure relief valve
assemblies and devices used in various applications that
require venting, such as underwater lights, cameras, or
batteries. More specifically, but not exclusively, the disclo-
sure relates to pressure reliel valves used in devices for
protecting against overpressure conditions, such as 1n deep
ocean environments, devices which include rechargeable
batteries, and other applications that require venting.

For example, 1n one aspect, the disclosure relates to a
pressure relief valve device. The pressure relief valve device
may include, for example, a body. The pressure relief valve

10

15

20

25

30

35

40

45

50

55

60

65

2

device may further include a plunger disposed 1n the interior
volume of the body, and may be sealed against the body with
two or more sealing elements. The sealing elements may be
two O-rings.

Various additional aspects, features, and functions are

described below 1n conjunction with the appended Draw-
ngs.

BRIEF DESCRIPTION OF THE

DRAWINGS

The present application may be more fully appreciated 1n
connection with the following detailed description taken 1n
conjunction with the accompanying drawings, wherein:

FIG. 1 1s an 1sometric view of an embodiment of a
pressure relief valve 1n accordance with certain aspects;

FIG. 2 1s a section view of the pressure relief valve
embodiment of FIG. 1, taken along line 2-2, illustrating
details of the interval valve configuration.

FIG. 3 1s an exploded view of the pressure relief valve
embodiment of FIG. 1, taken from the topside thereof,
illustrating various elements of the valve;

FIG. 4 1s an exploded view of the pressure relief valve
embodiment of FIG. 1, taken from the bottom side thereof,
illustrating various elements of the valve;

FIGS. 5-6 illustrate details of a PRV embodiment of a
pressure vessel with ofigassing electrical contacts;

FIGS. 7-8 illustrate additional details of conical sealing
surfaces with misalignment;

FIGS. 9-10 illustrate details of an alternate PRV embodi-
ment using O-rings of diflerent sizes and configured so that
the outer O-ring engages first;

FIG. 11 1illustrates an example PRV embodiment at maxi-
mum open condition, limiting adjustment range to a maxi-
mum value using a stop groove to stop adjustment nut travel;

FIG. 12 illustrates details of one embodiment of a PRV
with an adjustment nut configured to set the PRV to a higher
actuation pressure;

FIG. 13 1llustrates details of one embodiment of a PRV
with an adjustment nut configured to allow a very limited
amount of pressure adjustment range so as to limit operation
to a predefined range of actuation pressures.

FIG. 14 1llustrates details of one embodiment of a PRV
with an adjustment nut configured to easily set the PRV to
a predefined actuation pressure by adjusting the nut to
contact the PRV plunger;

FIGS. 15 and 16 1llustrate details of a vacuum adapter for
purging a device using a PRV such as described herein;

FIG. 17 illustrates details of a PRV including a plunger
having a conical seat and a body having a corresponding
conical mating surface with two O-ring seals;

FIG. 18 1llustrates details of elements of the PRV embodi-
ment of FIG. 17;

FIGS. 19A and 19B 1illustrate details of an assembled PRV
embodiment from the top side (low pressure side) and
bottom (high pressure) side;

FIGS. 20A and 20B 1llustrate details of an embodiment of
a PRV actuation pressure adjustment tool 1n use with a PRV
embodiment 1n accordance with aspects herein;

FIG. 21 illustrates details of an O-ring groove square cut
along a vertical and horizontal axis relative to a conical seat;

FIG. 22 illustrates details of an O-ring groove embodi-
ment cut along an axis approximately perpendicular to a
mating surface between a PRV body and a comical PRV
plunger;

FIG. 23 1s an 1sometric view of a PRV embodiment;

FIG. 24 1s a sectional view of the PRV embodiment of
FIG. 23 taken along line 24-24;
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FIG. 25, 15 a partially exploded 1sometric view of the PRV
embodiment from FIG. 23;

FIG. 26 1s an 1sometric view of a PRV embodiment;

FIG. 27 1s a sectional view of the PRV embodiment of
FIG. 26 taken along line 27-27; and

FIG. 28 1s a partially exploded 1sometric view of the PRV
embodiment from FIG. 26.

DETAILED DESCRIPTION

Overview

It 1s noted that as used herein, the term,
means “‘serving as an example, instance, or illustration”.
Any aspect, detail, function, 1mplementation, and/or
embodiment described herein as “exemplary” 1s not neces-
sarily to be construed as preferred or advantageous over
other aspects and/or embodiments.

The following exemplary embodiments are provided for
the purpose of illustrating examples of various aspects,
details, and functions of embodiments of the present inven-
tion; however, the described embodiments are not intended
to be m any way limiting. It will be apparent to one of
ordinary skill 1n the art that various aspects may be imple-
mented 1n other embodiments within the spirit and scope of
the present imvention.

This disclosure relates generally to pressure relief valve
assemblies and devices used in various applications that
require venting. More specifically, but not exclusively, the
present disclosure relates to pressure relief valves used in
devices for protecting against overpressure conditions, such
as 1n underwater environments, devices which include
rechargeable batteries, and other applications that require
venting.

For example, 1n one aspect, the disclosure relates to a
pressure relief valve device. The pressure relief valve device
may include, for example, a body. The pressure relief valve
device may further include a plunger assembly disposed 1n
the interior volume of the body, and may be sealed against
the body with two or more sealing elements. The sealing
clements may be two O-rings.

“exemplary”

Embodiments

Example

Various additional aspects, features, and functions are
described below 1n conjunction with the embodiments 1llus-
trated 1n the appended drawing figures. In addition, 1n some
embodiments where sealed batteries are used, details of
embodiments of pressure relief apparatus and devices that
may be used 1n combination with the disclosure herein to

implement vented intelligent batteries are described i U.S.
patent application Ser. No. 13/532,721, filed Jun. 235, 2012,

entitled MODULAR BAITTERY PACK APPARATUS,
SYSTEMS, AND METHODS as well as U.S. patent appli-
cation Ser. No. 13/925.,636, filed Jun. 24, 2013, entitled
MODULAR BATTERY PACK APPARATUS, SYSTEMS,
AND METHODS INCLUDING VIRAL DATA AND/OR
CODE TRANSFER, both of which are incorporated by
reference herein 1n their entirety.

FI1G. 1 1llustrates an exemplary embodiment of a pressure
reliel valve (also denoted herein as a “PRV” for brevity)
device 100 that may be used 1n an underwater housing,
sealed battery device or system, or in other devices where
pressure relief 1s required, such as in underwater lights,
cameras, test instruments, and the like. In an exemplary
embodiment, pressure relief valve 100 may iclude a hous-
ing or body 110, which may include various sealing and
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4

keying features as are described subsequently herein. A
plunger assembly, which 1n an exemplary embodiment may
be conical shaped, such as conical-shaped plunger assembly
embodiment 112 as shown, may be disposed within body
110 and sealed with two O-rings or other sealing elements
such as gaskets and the like. Various additional details of
pressure relief valve embodiment 100 are further illustrated
and described below. The body may include an external
surface 115, such as a hex head or other surface for being
gripped by a tool during installation or removal.

Turning to FIG. 2, a sectional view of the pressure relief
valve embodiment 100 of FIG. 1, taken along line 2-2, 1s
illustrated. Device 100 may include one or more sealing
clements, which may be disposed 1n the inner cavity of the
body 110, such as in groove or slot. In an exemplary
embodiment, the body inner cavity has a conical shape with
mating surfaces matching corresponding mating surfaces on
the plunger assembly. The groove or slot may be cut in the
conical mating area to provide a dynamic seal between
plunger 112 and body 110.

For example, an mner plunger O-ring 226 may be dis-
posed 1n an mner plunger O-ring groove 228. An outer
plunger O-ring 230 may be disposed 1n an outer plunger
O-ring groove 232. The inner and outer O-ring grooves 228
and 232 may be formed in the valve body inner conical
surface 1 one or more sizes and at one or more depths. In
an exemplary embodiment, the plunger sealing O-ring
grooves are approximately cut normal to the conical surface,
thereby forming undercut edges 248 to aid in retention of
O-rings 226 and 230, particularly under high tflow rates (e.g.,
to prevent or reduce O-rings dislodging from their grooves
when the PRV 1s discharging at a high flow rate). Further
details of aspects of this configuration are described subse-
quently herein with respect to FIG. 22.

A valve plunger with a conical seat or sealing section 240
may be disposed within the valve body 110 such that the
plunger’s conical sealing section 240 rests against the coni-
cal inner and outer plunger support or mating surfaces 234
and 236 in the valve body 110. The plunger may be held 1n
this position by compression spring 224, which pushes
against the valve body 110 and the adjustment nut 216.

When resting on surfaces 234 and 236, the body and/or
plunger conical section may be configured so that the
plunger conical sealing section 240 has a gap 238 between
the outer edge of the plunger 112 and the valve body 110 to
allow plunger sealing section 240 to fully contact valve body
plunger support surfaces 234 and 236 throughout some or all
of the valve’s operating range. The plunger sealing section
240 may be thin to be compliant at high external pressures,
such as those encountered 1n the deep ocean below a depth
such as, for example, 1000 meters, 3000 meters, 5000
meters, or 1 some case deeper depths, so as to enable
deflection of sealing section 240. In embodiments where this
configuration 1s used, the detlection of the plunger allows for
more consistent metal to metal contact between the plunger
and body. Such contact may be advantageous to fully close
ofl both mner and outer plunger O-ring grooves 228 and
232. The ability of a seal to function at high pressures found
at ocean depths may be related to the size of the gap between
assembled parts that form the seal shape that contains a
sealing ring. By reducing a sealing gland gap, sealing rings
may be prevented from being extruded out of the design
groove 1mto the space between assembled parts and may
prevent damage to the sealing ring, such as by crushing,
tearing, etc. that may occur as a result.

PRV embodiment 100 may also include a pressure relief
valve adjustment nut 214 or other adjustment mechanism
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and a compression spring 224 that may be used to control a
pressure relief valve set point. In operation, the nut 214 may
be locked into a relative position within the body, allowing
it to be moved upward or downward 1n response to rotation
of the plunger and threaded adjustment section of the
plunger. In this way, as the plunger 1s adjusted (e.g., as
shown 1n FIGS. 20A and 20B), the nut moves up or down
within the body, thereby increasing or decreasing the spring,
compression. A retaining clip 222 may be used to retain
pressure reliel valve nut 214 on the plunger, with the clip
secured to the bottom of the plunger (as shown 1n FIG. 2).
A plurality of anti-rotation fingers 216 may be used to lock
the nut into a corresponding channel 1n the body. A pressure
relief valve body anti-rotation groove 218 may be used to
tacilitate valve adjustment by allowing limited movement of
the adjustment nut through the groove. Thread locking
clement 220 may be used to maintain set point during
operation by limiting the ability of the adjustment nut or
other adjustment mechanism to move relative to the plunger.
PRV embodiment 100 may also include a mechanical adjust-
ment element 246 for adjusting the valve set point, such as
1s shown 1 FIGS. 20A and 20B.

A pocket may be configured 1n the high pressure side. The
pocket may be of various configurations, such as external
hex with internal threads, internal hex with external threads,
internal hex with external under grip, and/or other configu-
rations as are known or developed 1n the art.

In an exemplary embodiment, PRV embodiment 100 may
be mounted 1n a device subject to high pressure, such as in
a deep sea pressure housing for lights, cameras, or 1n other
devices or device bodies or housings. In such an embodi-
ment, the PRV may be threaded into a corresponding tapped
hole 1n the device and one or more sealing elements may be
used to seal between the PRV and attached device. For
example, a first O-ring 242 may be used to provide a face
seal between pressure reliel valve device 100 and the
housing or other device (not shown). A second O-ring 244
may be used to provide a second seal between pressure relief
valve device 100 and the housing or other device (not
shown).

FIGS. 3 and 4 are exploded views of the pressure relief
valve device embodiment 100 of FIG. 1 1illustrating addi-
tional details of the various components of an exemplary
embodiment. In the following examples, plunger 112 may be
coupled with the thin conical sealing structure 240 to
provide seal shutofl, and the mechanical valve adjustment
clement 246 may be used to adjust the set point of the valve
by turning 1t with an adjustment tool such as 1s shown in
FIG. 20A and FIG. 20B. O-rings 226 and 230 may be
disposed between the plunger and grooves 228 and 232
formed 1nto the PRV body 110. Thread locking element 220
may be configured with the base of plunger 112 to maintain
set point during operation.

In an exemplary embodiment, pressure relief valve adjust-
ment nut 214 may be configured with anti-rotation fingers
216 and retaiming clip 222, and may be disposed within
compression spring 224. Such elements 214, 216, 222, and
224 may all be configured within the base of body 110. An
example of an embodiment of a device as shown 1n FIG. 3
in titanium 1s shown in FIGS. 17-19, which are images of a
prototype PRV embodiment. One or more O-rings, such as
first O-ring 242 and second O-ring 244, may be used to
provide a seal with an attached device such as a high
pressure housing or sealed housing containing batteries (not
shown).

FIGS. 5-6 illustrate details of an embodiment of a pres-
sure vessel 300 with a PRV embodiment 1n accordance with
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aspects herein, along with an offgassing electrical assembly
672 enclosed 1n a pressure housing assembly 552. Batteries
may vent gases during charge or discharge cycles, and 1t may
be desirable to vent these gases. As shown in FIG. 5, an
oflgassing electrical assembly 672, such as an assembly with
one or more enclosed batteries, may be configured with a
PRV for venting excess gases at pressure. PRV assembly 562
may include a protective cap 564, with one or more vent
holes 568 1n the cap, to allow gases to escape. A PRV
plunger 512, which may have misaligned contact surfaces
with the body, may be part of the PRV assembly. A PRV
adjustment protector 570 may be used to limit access to the
top of the PRV to prevent adjustment such as 1s described 1n
FIG. 20A and FIG. 20B. The pressure vessel may include a
retaining ring 558 to retain the PRV within the vessel as
shown and an endcap 554.

The protective cap may be used to limit access to and
protect tampering with the PRV, such as 1n a safety envi-
ronment where tampering may be harmiful or catastrophic.
At low external pressures, the conical sealing surfaces of the
PRV may be misaligned, as shown at location 774 of FIG.
7. To address this, tlexibility of the conical sub-segment of
the PRV plunger may be used (e.g., thin metal or other
materials that may flex somewhat to enhance sealing) and/or
more compliant materials may be used for a part of, or for
all of a plunger element. FIG. 8 illustrates a corresponding
misalignment at high pressure at location 874.

FIGS. 9 and 10 illustrate details of an embodiment of a
PRV with two different sized O-rings sealing the conical
sealing areas between the plunger and the base. As shown 1n
FIG. 9, the PRV may include a protective cap 564 to limait
access to the pressure setting mechamsm, as well as a PRV
body 910 with grooves (shown 1n FIG. 10) for two diflerent
s1ze O-rings. The plunger assembly may be the same as or
similar to plunger assembly 112 of FIG. 1. As shown 1n FIG.
10, a larger O-ring 1070 may be positioned near the upper
area or outer opening of the body and may be disposed 1n
larger groove 1076, while a smaller O-ring 248 may be
disposed 1n smaller groove 228. An undercut lip 1078 may
be formed 1n the body groove for the larger O-ring (and/or
in some embodiments, the smaller O-ring 248). Other e¢le-
ments as shown 1n FIG. 9 and FIG. 10 may be the same as
or similar to corresponding element of the embodiment of
FIGS. 1-4. In some embodiments, one of the two O-rings
may be omitted, such as to take advantage of more surface
area for more consistent operation at lower cracking pres-
Sures.

FIG. 11 illustrates details of a PRV body embodiment
showing a stop edge 1180 at the end of a PRV body
anti-rotation groove. The stop edge may be formed 1n the
body to prevent the compression spring from going beyond
a yield point (e.g., by stopping the bottom edge of the nut
within the body so that the spring cannot be compressed any
further during high pressure discharge).

FIG. 12 1llustrates an example PRV embodiment wherein
the plunger has been tightened until the adjustment nut 216
has been secured in 1ts maximum position, with the top of
the adjustment nut jammed against the bottom of the conical
plunger section. In this configuration, the spring 1s highly
compressed and applies a higher force with less travel (i.e.,
a maximum actuation pressure setting). Setting the adjust-
ment nut to be 1 contact with the bottom of the plunger may
be used to provide predefined actuation pressure by fixing
the compression of the spring. This process will be depen-
dent on consistent anti-rotation cavity sizes, spring materials
and sizes, and other mechanical parameters; however, by
extending the anti-rotation fingers of the adjustment nut to a




US 9,810,332 B2

7

precalibrated size, thereby defining the spring compression
when the adjustment nut 1s secured against the bottom of the
plunger as shown 1n FIG. 13, a predefined actuation pressure
may be set easily by merely tightening the plunger until the
adjustment nut 1s jammed against the plunger. In embodi-
ments such as the one shown in FIG. 13, the PRV has limited
adjustment range, which may be advantageous in applica-
tions where end user adjustment to a high actuation pressure
would be detrimental or catastrophic.

Nuts for different predefined pressures can be made by
varying the length of the anti-rotation fingers, such as to
provide a set of nuts corresponding to desired actuation
pressures, without needing to calibrate the PRV on a pres-
sure tester or other machine. The nuts may be printed,
embossed, stamped, color-coded, or otherwise marked with
their predefined pressures for easy use. For example, the
relative long finger of FIG. 13 provides a high actuation
pressure, with movement limited to range 1388, while the
shorter anti-rotation fingers of FIG. 14 allow for a lower
spring compression providing a lower actuation pressure, as
well as greater movement range 1492. Other mechanism,
such as spacers, stacked washers, and the like may also be
used to limit or define actuation pressures mechanically.

FI1G. 135 illustrates details of an embodiment of an assem-
bly mncluding a PRV embodiment 100 coupled to a vacuum
adapter assembly embodiment 1594, further coupled to a
vacuum source 15100. This assembly may be used for
applications such as, for example, purging or drawing oil
undesirable ofigas products from a device after assembly
and before being put into service, or to purge or draw off
undesirable ofigas products after a product has been in
service for some time without needing to disassemble the
product. For example, some types of underwater lights may
be serviced 1n this fashion after operating in the deep ocean
for a period of time. Various other devices such as cameras,
batteries, instruments, and the like may be similarly serviced
in this fashion. The vacuum adapter assembly 1594 may
include a PRV plunger retractor 1596 disposed within a PRV
vacuum adapter body 1598. PRV 100 1s at the bottom as
shown 1n FIG. 15.

FIG. 16 illustrates a sectional view of the PRV embodi-
ment coupled to the vacuum adapter embodiment of FIG. 15
showing additional details. As shown 1n FIG. 16, the vacuum
adapter may include a plunger retractor seal 16102, which
may be disposed within a groove or channel in the plunger
retractor element 1596 to seal the retractor from the vacuum
adapter body 1598. A PRV plunger retractor screw 16106 or
threaded rod or other attachment mechanism may be
coupled to the plunger 1596 as well as to the PRV plunger

to facilitate retraction of the plunger. "

T'he assembly may
include a PRV vacuum adapter body seal 16104 for provid-
ing sealing between PRV 100 body and the PRV vacuum
adapter body 1598 to provide sealing therebetween. In
operation, the PRV plunger retractor 1596 1s pushed down
until the PRV plunger retractor screw 16106 contact threads
in the PRV plunger (1.e., pressure adjustment mechanism).
The vacuum source 15100 may then be applied. The PRV
plunger retractor 1596 and screw 16106 may then be turned
into the PRV plunger until the retractor 1596 contacts the
PRV vacuum adapter body 1598, and then pulls the PRV
plunger open during vacuum purge. Retracting the plunger
allows full vacuum to be applied to the product internals
without having to fight PRV spring force, and also guaran-
tees an open valve.

FI1G. 17 illustrates details of elements of an embodiment
ol a pressure relief valve 1700, 1n accordance with aspects

described herein, manufactured in titanium including a coni-
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cal plunger assembly 1720 and a high pressure body assem-
bly 1710. PRV embodiment 1700 may correspond with the

PRV embodiment 100 of FIGS. 1-4. Although titantum may

be used 1n exemplary embodiments, other materials capable
of withstanding high external pressures and/or corrosion as
may be encountered i ocean or other corrosive environ-
ments, such as, for example, stainless steel, aluminum,
which may be coated, anodized, etc., high strength plastics
such as PEEK or Ultem, high pressure ceramics, high
strength nanostructured materials, and the like may also be
used alone or 1n combination, such as 1n different component
parts or elements, 1n various embodiments.

Plunger assembly 1720 may include a comnical sealing
sub-section 1725 with a conical outer shape to match a
corresponding conical mner shape 1711 of body 1710. An
adjustment sub-section 1724 may include a shaft or other
segment, such as a threaded shaft section as shown, on
which a nut 1722 may be screwed onto 1 order to adjust
cracking pressure in conjunction with spring 1723. The
bottom end 1721 of the plunger assembly may include a
groove or other shape to receive a retaining clip (not shown),
such as clip 222 shown in FIG. 2. In some embodiments,
such as described previously with respect to FIG. 14, a fixed
length nut may be calibrated to provide a predetermined
release pressure. Other calibration mechanisms may also be
used in alternate embodiments. The conical sub-section
1725 may be thin-walled or include a thin-walled section to
allow the metal or other plunger material to flex or distort to
further aid 1 sealing under high pressure. The particular
wall thickness and/or material may be set based on a desired
operating pressure, such as below 1000 meters, 3000 meters,
5000 meters, and the like.

Body 1710 may include a conical shaped interior volume
1711 in which one or more O-rings (1n an exemplary
embodiment mner O-ring 1726 and outer O-ring 1730) are
positioned within grooves or channels in the body. In some
embodiments, the O-rings may be of diflerent sizes and/or
the grooved, wherein the O-rings may be placed may be of
different sizes and/or shapes, and/or depths below the sur-
face. In this way, sealing may be variable between the mated
surfaces, such as, for example, as a function of applied
pressure.

FIG. 18 1llustrates additional details of the elements of
plunger assembly embodiment 1720 disassembled, includ-
ing nut 1722, compression spring 1723, and the plunger with
conical sub-section 1725 and adjustment section 1724. Body
1710 1s shown from the opposite orientation as i FIG. 17
(1.e., from the bottom side).

FIGS. 19A and 19B illustrate the PRV embodiment of
FIG. 17 1n an assembled configuration, from the top side 1n
FIG. 19A and from the bottom side 1n FIG. 19B. As shown
in FIG. 19A, which illustrates the PRV 1700 from the top
side, a valve adjustment element 1730, which may corre-
spond with element 246 as i1llustrated in FIG. 2, may be used
to adjust the cracking or release pressure of the PRV. Conical
sub-section 1725 1s shown 1n its mounted position against a
corresponding conical-shaped wall of body 1710. One or
more O-rings or other sealing elements (not shown) may be
positioned between the iner side of the conical sub-section
1725 and the conical-shaped wall of body 1710, such as 1n

slots or grooves. FIG. 19B illustrates the embodiment of
PRV 1700 from the bottom side with nut 1722 screwed
downward on the threaded adjustment sub-section of the
plunger. The nut 1722 may be adjusted by turming the
adjustment element 1730, such as described with respect to
FIGS. 20A & 20B.
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FIG. 20A 1illustrates an example PRV pressure adjustment
tool embodiment 2000. Tool 2000 includes an adjustment
head 2010, which may include a hex or other shaped
projection or recessed element that corresponds 1n shape
with the adjustment element 1730 of the pressure relieve
valve. Tool 2000 may include a handle or socket mount or
other mechanism for coupling to a user handle or power-
controlled adjustment shaift or element. In operation, as
shown 1n FIG. 20B, the adjustment head 2010 of the tool
couples with corresponding adjustment element 1730 of the
valve so that the valve can be adjusted to a desired pressure.
In the exemplary embodiment shown, a user twists the tool
2000, as with a standard screwdriver tool, to tighten or
loosen the PRV nut, which correspondingly tightens or
loosens the compression spring to vary the cracking pres-
sure. The adjustment may be done on a test fixture where a
desired release pressure 1s provided, and the user then turns
the adjustment tool 2000 until the valve begins to release
pressure at the desired pressure value. This process may also
be automated so that the adjustment 1s done by an automatic
adjustment tool similar to the manual tool 2000 shown 1n
FIG. 20A and FIG. 20B.

In an exemplary embodiment, the O-ring grooves or
channels 1n the body may be advantageously formed at an
angle normal to the surface of the body (as shown 1 FIG.
22) rather than 1n a traditional O-ring groove shape where
the grooves are merely cut from a vertical or horizontal
orientation (as shown i FIG. 21). In FIG. 21, traditional
O-ring grooves 2110 and 2120 are shown. These grooves
may be milled with square edges as shown and are typically
cut with a milling tool or other device so that they are not
perpendicular to the mating surface. The milling may be
done along a vertical axis such as axis 2111 for groove 2110,
or along a horizontal axis such as axis 2121 for groove 2120.
In this configuration, the O-rings may not seal as well and/or
may be subject to falling out of the grooves during assembly
or maintenance and/or may be subject to other problems.

In order to provide an alternate groove or channel for the
O-rings, such as the two O-rings shown between the conical
shaped plunger and PRV body (e.g., grooves 228 and 232 of
FIG. 2), the groove may be formed to be substantially
orthogonal to the surface of the body. An example of this 1s
shown 1n FIG. 22, where two grooves 2210 and 2220 are
formed at approximately a 90 degree angle from the mating
surface. The grooves may also have a rounded cross-section
as shown, rather than a square or rectangular cross-section
as shown with grooves 2110 and 2120 of FIG. 21. Angled
and/or rounded grooves may be formed by a milling tool
2230 to cut the grooves at the desired angle and depth,
and/or using other tools or methods as are known 1n the art.

In some embodiments, the sizes and/or depths of the
grooves (e.g., grooves 2210 and 2220 of FIG. 22) may be
varied to allow for different sealing and/or release pressures
for each O-ring. For example, as shown 1n FIG. 22, groove
2220 1s deeper than groove 2210. The groove sizes may also
be different 1n various embodiments, and the installed
O-rings may also be of diflerent sizes or materials 1n various
embodiments.

In some embodiments, such as those illustrated 1n FIGS.
23-25, O-rings may be seated onto the sealing surface of the
plunger assembly rather than within the high pressure body
assembly. One or more grooves and/or channels may be
formed onto the conical surface of the plunger assembly.
O-rings may, for example, be stretched to seat within
grooves or channels during assembly. The elastomeric prop-
erties of such an O-ring may allow the O-ring to be held
securely within the groove or channel. The plunger assem-
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bly, O-rings, and/or high pressure body assembly may be the
same 1n all aspects as the plunger assemblies, O-rings,
and/or body assemblies previously discussed herein with
any of the various other embodiments but with the grooves
or channels to seat O-rings relocated to the conical surface
of plunger assembly rather than the body assembly. In yet
other embodiments a combination of grooves/O-rings may
be located both on the plunger assembly and the body
assembly.

Referring to FIGS. 24 and 25, a PRV embodiment 2300
may comprise a plunger assembly 2310 and high pressure
housing assembly 2320. The plunger assembly 2310 may be
similar to the plunger assembly 1720 of FIGS. 17 and 18 but
with grooves 2410 and 2415 formed along the conical seal
surface and a series of pressure bypass divots 2350 formed
evenly spaced along 1ts outer circumierence. O-rings 2420
and 2425 may be configured to seat within a groove 2410
and 2415 such that each seats securely within 1ts respective
groove. In the PRV embodiment 2300, the groove 2415 may
be formed shallower than groove 2410. The high pressure
housing assembly 2320 may be similar to the high pressure
body assembly 1710 of FIGS. 17 and 18 but without grooves
or channels to seat O-rings. When such a PRV embodiment
2300 15 1n a closed state, the plunger assembly 2310, with
O-rings 2420 and 24235 seated thereto, may further be seated
within the high pressure body assembly 2320. The plunger
assembly 2310 may be held in position within the high
pressure body assembly 2320 due to a force which may, for
example, be provided by an internal spring such as the
compression spring 1723 of FIGS. 17 and 18. A seal may
thereby be created between the plunger assembly 2310
containing the O-rings 2420 and 2425 and the high pressure
body assembly 2320 unftil internal pressure 1s made to
overcome the spring force and open the PRV embodiment
2300. The PRV embodiment 2300 may again return to a
closed state upon the spring force overcoming the force of
any internal pressure.

Referring to FIGS. 23-26, pressure bypass divots 2350
formed along the circumierence of the plunger assembly
2310 may be used to aid in retamning the outmost O-ring
2425, In instances where the O-ring 2423 begins to become
dislodged from groove 2415 due, for instance, to the open-
ing of PRV device 2300 in releasing high volume internal
pressure, the pressure bypass divots 2350 may allow for an
improved path for pressurized fluids and/or gases to move
past the O-ring 2425 and through the pressure bypass divots
2350. In other embodiments, the quantity, position, shape,
and pattern of such bypass features may be different and
suited to the particular use of the PRV embodiment. Similar
bypass grooves may further be used with the inner O-ring or
O-rings to prevent them from also becoming unseated. In
some embodiments, the various O-rings may comprise dif-
ferent compounds suited for the particular use and/or envi-
ronment of use for a PRV device such as the various PRV
embodiments illustrated herein.

For example, the innermost or internal environment fac-
ing O-rings on the PRV embodiment 2300 illustrated 1n
FIGS. 24-25, the O-ring 2420 and O-ring 2430 disposed
along the mnermost circumierence on the outside of the high
pressure body assembly 2320 may each comprise a com-
pound tailored to best tolerate use within a particular internal
environment. Similarly, the outermost or external environ-
ment facing O-rings on the PRV embodiment 2300, the
O-ring 2425 and O-ring 2435 disposed along an outmost
circumierence on the outside of the high pressure body
assembly 2320, may comprise a different compound tailored
to best tolerate use within a particular external environment.
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For example, the use of different compounds 1n external
and 1internal facing O-rings may be done to allow {for
durometer differences for sealing at low and high pressure
and/or compounds suited for exposure to diflerent external
and internal chemistries and/or to meet various other needs
of different internal and external environments. In some
embodiments, such as the PRV embodiment 2300, the
O-ring 2435 secated along an outmost circumierence on the
outside of the hlgh pressure body assembly 2320 and O-rmg
2425 seated in the shallow groove 2415 may comprise
silicone, a material known to exhlibit a high degree of
resistance to compression set but which has relatively high
permeability to gasses and small molecules. The O-ring
2430 seated along an inner circumierence on the outside of
the high pressure body assembly 2320 and O-ring 2420
seated 1 the deeper groove 2410 may comprise nitrile
Viton® or similar compounds, which has poorer compres-
s1on set resistance than silicone, but lower gas diflusion. In
such an embodiment as the PRV embodiment 2300, the
combined properties of the two seals may result 1n a higher
performance device than either compound by 1tself. In other
applications or embodiments various number of compounds
and combinations of compounds may be used 1n the various
O-rings of a PRV device i keeping with aspects of the
present disclosure.

Still referring to FIGS. 24 and 25, the O-rings 2420 and
2425 may be of different sizes and/or the grooves 2410 and
2415 1 which the O-rings are seated may be of different
s1zes and/or shapes and/or depths below the surface. In this
way, the order of contact for each O-ring 2420 and 2425 and
the differential pressure at which the second O-ring seals
may be adjusted to suit different applications. In such
embodiments O-rings 2420 and 2425 may be of the same
cross-sectional diameter while groove 2410 may be deeper
than groove 24135 such that when no differential pressure
exists only O-ring 2423 1s 1n contact. Further, the difference
in depth between the mner groove 2410 and outer groove
2415 may be adjusted 1n order to change the differential
pressure required to sutliciently compress O-ring 2423 to the
point where O-ring 2420 will also make contact and seal.

In further embodiments, such as those 1llustrated 1n FIGS.
26-28, which may correspond with details as shown 1n
FIGS. 23-26, a series of O-ring reliet features 2710 and 2715
may be formed along the component opposite the internal
O-rings of a PRV embodiment. In one embodiment, the
O-ring relief features 2710 and 2715 may be continuous
annular grooves as shown in FIG. 28. In an alternate
embodiment, the reliel feature or features may comprise one
or several cuts positioned outboard of the sealing diameter.
In use, such O-ring relief features may help retain O-rings
while the PRV device 1s 1n use.

The PRV embodiment 2600, as 1llustrated in FIGS. 27 and
28, may be comprised of a plunger assembly 2610 and a high
pressure housing assembly 2620. The plunger assembly
2610 may be similar to the plunger assembly 1720 of FIGS.
17 and 18 but with annular O-ring relief features 2710 and
2715 formed along the comical sealing surface. The high
pressure housing assembly 2620 may be similar to the high
pressure body assembly 1710 of FIGS. 17 and 18. FEach
O-ring relief feature 2710 and 27135 may be positioned along
the conical sealing surface of the plunger assembly 2610
slightly above a respective one of each O-ring 2720 and
2725 seated in grooves within the high pressure housing
assembly 2620. In use, as internal pressure builds, O-rings
2720 and 2725 may push up and outward towards their
respective O-ring relief feature 2710 and 2715. Each O-ring
relief feature 2710 and 27135 may allow for an improved path
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for pressurized tluids and/or gases to move past each O-ring
2720 and 2725 and not prevent the O-rings 2720 and 2725
from becoming dislodged from their respective groove
within the high pressure housing assembly 2620.

Pressure relief valves in accordance with the various
aspects described herein may be used 1n a variety of appli-
cations that require venting. An exemplary application 1s for
pressure housings used in underwater lighting or video
recording. Alternate applications may include enclosures for
rechargeable batteries, underwater instruments or sensors, as
well as 1n other applications where devices which are
pressure compensated and subject to high pressure, or where
clements within the device generate internal pressure that
needs to be vented. PRVs may be integral with such devices
or disposed on or within device housings or bodies 1n
various applications.

The presently claimed invention 1s not intended to be
limited to the aspects shown herein, but 1s to be accorded the
full scope consistent with the specification and drawings,
wherein reference to an element i the singular 1s not
intended to mean “one and only one” unless specifically so
stated, but rather “one or more.” Unless specifically stated
otherwise, the term “some” refers to one or more. A phrase
referring to “‘at least one of” a list of 1tems refers to any
combination of those items, including single members. As
an example, “at least one of: a, b, or ¢ 1s intended to cover:
a:b;c;aand b;aand ¢; b and ¢; and a, b and c.

The previous description of the disclosed aspects 1s pro-
vided to enable any person skilled in the art to make or use
embodiments of the presently claimed invention. Various
modifications to these aspects will be readily apparent to
those skilled in the art, and the generic principles defined
herein may be applied to other aspects without departing
from the spirit or scope of the disclosure and presently
claimed invention. Thus, the invention 1s not intended to be
limited to the aspects shown herein but 1s to be accorded the
widest scope consistent with the appended Claims and their
equivalents.

The mvention claimed 1s:

1. A pressure reliel valve for high pressure operation,
comprising:

a plunger assembly including an elongate threaded shait
at a first end and a compliant cone-shaped sub-section
with a smooth faced sealing surface at a second end
opposite the first end;

a body for withstanding deep ocean external pressure of
a depth of at least 1000 meters, the body including a
cavity with a conical-shaped mating surface to receive
the smooth-faced sealing surface of the plunger assem-
bly, and a clip to restrain the plunger assembly at the
second end:

a compression spring disposed between a portion of the
plunger assembly and the body sized to withstand
corresponding pressures of at depth of at least 1000
meters; and

one or more seals disposed between the body mating
surface and the sealing surface of the plunger assembly;
wherein the body mating surface and the sealing sur-
face are held in contact by the compression spring.

2. The pressure reliel valve of claim 1, wheremn the
plunger assembly includes an adjustment element coupled to
the cone shaped sub-section of the plunger to adjust an
actuation pressure and an adjustment nut, and wherein the
adjustment element includes a threaded shaft onto which the
adjustment nut 1s screwed to adjust the cracking pressure of
the valve by adjusting the compressing spring force, and
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wherein a flat face of the cone shaped sub-section 1s held
substantially flush with the exterior of the body when
external pressure 1s applied.

3. The pressure relief value of claim 1, wherein the body
includes an inner groove and an outer groove, and wherein
the one or more seals comprise an inner O-ring and an outer
O-ring correspondingly seated 1n the mner groove and the
outer groove.

4. The pressure relief valve of claim 3, wherein the inner
O-ring and the outer O-ring have substantially the same
cross-sectional diameter.

5. The pressure relief valve of claim 3, wherein the inner
O-ring and the outer O-ring have a diflerent cross-sectional
diameter.

6. The pressure relief valve of claim 3, wherein the 1nner
O-ring and the outer O-ring comprise the same material.

7. The pressure relief valve of claim 3, wherein the inner
O-ring and the outer O-ring comprise different matenals.

8. The pressure relief valve of claim 3, wherein the inner
groove and the outer groove are oriented along an axis
substantially perpendicular to a mating surface of the conical
shaped cavity.

9. The pressure reliet valve of claim 8, wherein one or
both of the 1nner groove and the outer groove have a rounded
groove bottom.

10. The pressure relief valve of claim 8, wherein one or
both of the grooves include an undercut edge to prevent
dislodging of O-rings during high flow rate discharges.

11. The pressure relief valve of claim 1, wherein the cone
shaped sub-section includes a thin compliant section con-
figured to tlex upon application of high applied pressures.

12. The pressure relief valve of claim 1, further compris-
ing a thread locking element to maintain a set point during
operation.

13. The pressure relief valve of claim 1, wherein the
adjustment nut includes a plurality of anti-rotation fingers.

14. The pressure relief valve of claim 1, further compris-
ing a protective cap disposed on the valve to prevent access
to a cracking pressure adjustment element of the valve.

15. The pressure relief valve of claim 1, wherein the body
includes a stop edge to prevent the compression spring from
going beyond a predefined yield point.

16. The pressure relief valve of claim 15, wherein the seal
comprises a flat gasket.

17. A pressure relief valve for high pressure operation,
comprising;

an adjustment nut;

a plunger assembly including a compliant cone-shaped
sub-section with a sealing surface, an adjustment ele-
ment coupled to the conical shaped sub-section of the
plunger to adjust an actuation pressure, and an adjust-
ment nut;

a body for withstanding deep ocean pressure, the body
including a cavity with a conical-shaped mating surface
to receive the sealing surface of the plunger assembly;
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a compression spring disposed between a portion of the
plunger assembly and the body; and

one or more seals disposed between the body mating
surface and the sealing surface of the plunger assembly;

wherein the body mating surface and the sealing surface
are held 1n contact by the compression spring, the
length of the anti-rotation fingers 1s preset to provide a
predefined cracking pressure when the adjustment nut
1s jammed against the plunger, and the adjustment
clement includes a threaded shaft onto which the
adjustment nut 1s screwed to adjust the cracking pres-
sure of the valve by adjusting the compressing spring
force.

18. An underwater lighting device, comprising;:

a deep sea pressure housing for a light or camera; and

a pressure relief valve screwed into a threaded hole 1n the
housing, comprising:

a plunger assembly including an elongate threaded shait
at a first end and a cone-shaped sub-section with a
smooth faced sealing surface at a second end opposite
the first end;

a body for withstanding deep ocean pressure, the body
including a cavity with a conical-shaped mating surface
to receive the smooth-faced sealing surface of the
plunger assembly, and a clip to restrain the plunger
assembly at the second end;

a compression spring disposed between a portion of the
plunger assembly and the body; and

one or more seals disposed between the body mating
surface and the sealing surface of the plunger assembly;
wherein the body mating surface and the sealing sur-
face are held in contact by the compression spring.

19. A battery, comprising:

a battery housing; and

a pressure relief valve disposed in the battery housing to
vent gases from within the housing, the pressure relief
valve including:

a plunger assembly including an elongate threaded shaft
at a first end and a cone-shaped sub-section with a
smooth faced sealing surface at a second end opposite
the first end;

a body for withstanding deep ocean pressure, the body
including a cavity with a conical-shaped mating surface
to receive the smooth-faced sealing surface of the
plunger assembly, and a clip to restrain the plunger
assembly at the second end;

a compression spring disposed between a portion of the
plunger assembly and the body; and

one or more seals disposed between the body mating
surface and the sealing surface of the plunger assembly;
wherein the body mating surface and the sealing sur-
face are held in contact by the compression spring.
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